Soft X-ray photoelectron spectroscopy was used to investigate the fundamental surface is typically seen with variation in pH of buffered solutions with constant reference electrode voltage at the surface gate; however, an inverted bath-tub type response (e.g. a maximum at neutral pH and lower values at pH values away from neutral) and a general tendency to negative charge selectivity has been also widely reported. We have shown that our XPS investigations are consistent with the different sensor response reported in the literature for these CHEMFET devices and may help to explain the differing response of these materials.
M a n u s c r i p t 
Synchrotron-based XPS studies of AlGaN and GaN surface chemistry and its relationship to ion sensor behaviour

Introduction
The silicon-based ion selective field effect transistor (ISFET) was first investigated as a sensing technology in 1972 [1] . This pioneering work enabled the miniaturisation of ion sensors; however, silicon-based sensing devices have several major drawbacks related to the gate dielectric; these include charging and chemical instability upon exposure to aqueous solutions [2] [3] [4] . Furthermore, a reference-electrode is required for biasing purposes and limits sensor stability/lifetime and sensor miniaturisation [1, 2, 5] . III-Nitride materials are now being considered as promising alternatives for the reliable operation of chemical and A c c e p t e d M a n u s c r i p t biological sensors particularly in harsh environments [6] . Zhuang et al. showed that the GaN surface is chemically not etched by either acid or base solutions even at elevated temperatures [7] . Smith et al. demonstrated that chloride ion bombardment by ion inductively coupled plasma (ICP) was necessary to etch III-nitride materials (e.g. GaN,AlN, and AlGaN) [8] .
These studies clearly demonstrate the chemical inertness and stability of III-nitride surfaces.
Furthermore, the physical robustness of III-nitride materials has been demonstrated in high power applications [9, 10] . Finally, AlGaN and GaN surfaces exhibit lower toxicity and improved living cell biocompatibility relative to silicon-based surfaces giving rise to the possibility of biosensing [11, 12] .
The spontaneous piezoelectric polarisation occurring within AlGaN/GaN heterostructures of wurzite crystal structure has interested many researchers [13] . These polarisation effects result in a two dimensional electron gas (2DEG) layer consisting of high mobility electrons confined by a quasi-triangular quantum well at the AlGaN/GaN interface. The resistivity of this channel can be affected by the charge characteristics on the surface providing the necessary transduction mechanism for a sensor. Physical/chemical robustness combined with fast and sensitive response due to the advantageous properties of the 2DEG layer give rise to the possibility that AlGaN/GaN high electron mobility transistors (HEMTs) might replace silicon-based transistors for chemical sensing in the near future.
Functionalisation of the transistor surface by various means including nanorods [14] , a metallic thin film [15] and a polymer membrane [16, 17] has enabled the selective detection of chemical analytes or biological species. For AlGaN/GaN devices, the properties of the surface layer result in a linear drain current dependence with pH when operated with a reference electrode [18, 19] . In contrast, more recently, the response of AlGaN/GaN sensors operated without a reference electrode was shown not to be selective for pH measurements but instead to be sensitive to negatively charged ion (e.g. chloride) in concentration [20] . An
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A c c e p t e d M a n u s c r i p t understanding of the surface chemistry of AlGaN/GaN devices in the presence of different ions and under different oxide growth conditions and how these variables affect the sensor response is therefore essential for the further development of these devices.
The surface oxides of both gallium (Ga) and aluminum (Al) species have amphoteric characteristics (i.e. reactivity under both basic and acidic conditions). To study the surface chemistry, the soft X-ray beamline at the Australian Synchrotron has been used.
Photoelectron spectroscopy is a relatively non-destructive and highly surface-sensitive analytical technique. Leveraging the tenability of synchrotron x-ray source energy the photon energy can be lowered giving increased absorption cross sections for various elements and significantly improving the detection limit to below 1 atomic %.
For this study, we report on the surface oxide chemistry of both AlGaN and GaN. The oxide layers are either native or grown using rapid thermal annealing (RTA) at 900 o C. By comparing the different oxide layers and their response to various analyte solutions (i.e. deionised water, hydrochloric acid solution, sodium chloride solution and sodium hydroxide/sodium chloride solution) an improved understanding of the fundamental ion sensing properties can be established.
Material and Methods
Wafer Substrates
In our experiments, thick undoped GaN (~2000 nm) samples were obtained from Bluglass.
An AlGaN/GaN (23 nm/2000 nm, x(Al) = 23%) wafer was grown on a sapphire substrate by the Mishra group at the University of California in Santa Barbara.
Surface treatments
Prior to any surface treatment, all the samples were cleaned by acetone, isopropanol, and deionised (DI) water. The DI water treatment (served as a control treatment) utilised laboratory M a n u s c r i p t based high resistivity de-ionised (DI) water (resistivity ~18 MΩ). Two different surface oxides (native and thermally grown oxides) were prepared for each type of sample (GaN and AlGaN). The native grown oxide was simply formed by exposure of the surface to atmospheric conditions. The thermally grown oxide was grown by rapid thermal annealing (RTA) at 900 o C for 5 minutes with 500 sccm oxygen flow in a chamber with a diameter and height of 200 mm and 25 mm respectively. The 5% NaCl solution was prepared by dissolving 5g NaCl (Merck, AR) in 100 mL DI water. The 36% HCl (LabServe, Biolab) was diluted with DI water with 1:7 ratio to obtain the 5% HCl solution. Finally, 2 g of NaOH (Aldrich, AR) was added to 500 mL of DI water, then 5g NaCl (Merck, AR) was added to this mixture to obtain the 5% NaOH/NaCl solution. Each sample was then rinsed thoroughly for approximately 2 minutes in DI water to remove any residual salt and was then dried under a stream of N 2 . The samples were stored in a clean room environment and subsequently analysed using soft XPS analysis.
Soft X-ray photoelectron spectroscopy
The samples were characterised at the Australian Synchrotron under an ultra-high vacuum Survey scans (900 eV and 315 eV) were used to observe spectra of interest such as O 1s, Al 2p, Cl 2p and Ga 3d. The lower energy scan (i.e. 315 eV) increases the absorption cross-M a n u s c r i p t section resulting in larger signal-to-noise ratio and allowing smaller features in peaks (e.g. Cl 2p) to be discerned. The data analysis and processing were undertaken using standard peak deconvolution techniques with Shirley background subtraction [21] used to remove the background due to electron energy loss and scattering processes in order to produce an essentially zero off-set for the discernible peaks. The peak areas for each of the elements/atomic orbitals (e.g. Al 2p) are normalized to account for differences in the photoionization cross sections [22, 23] . The elemental percentages for Al, Ga, C, N and O was determined by the ratio of each element to the sum. The peaks were fitted with a pseudoVoigt function using a 1:3 ratio of Gaussian and Lorentzian curves [22] . Due to charging effects that result in a shift in binding energy during the analysis, the C 1s spectral peak due to adventitious carbon (taken as 284.6 eV) was used for calibration [23] .
Results and Discussion
For the two types of samples (AlGaN and GaN) chemically treated in four different ways (de- Relative to samples treated with DI water and 5% NaCl solution treatment, RTA oxidised GaN samples treated with HCl and NaOH/NaCl solutions exhibit a reduction in N 1s and an increase in the C 1s percentage. The deconvolution of the Ga 3d peak in Table 2 shows a reduction in Ga-N after exposure to HCl and NaOH/NaCl which is consistent with an A c c e p t e d M a n u s c r i p t and RTA oxidised GaN after the 5 % NaOH/NaCl treatment compared to the other treatments. The Ga 3d peak shows the same structure with a very small componentat ~22 eV for all the GaN samples and the AlGaN samples subjected to DI and NaCl treatments.
However, for the AlGaN after the 5% NaOH/NaCl treatment, the peak is slightly wider and the component at ~22 eV is diminished. We suggest that the peak at 22 eV might be an O 2s peak; however, it is typically very weak making comparisons using this peak difficult.
A c c e p t e d M a n u s c r i p t
From Figure 5 for the O 1s peak, the GaN with RTA grown oxide shows slightly larger peak width for the 5 % NaOH/NaCl treatment compared to the other treatments; however, O 1s signals for the GaN with native grown oxide, the peaks for DI water and NaCl treatments are wider relative to NaOH/NaCl treatment. The native oxide thickness is predicted to be only a few monolayers thick and we observed that the introduction of chloride ions removes OH -species from these few layers resulting in a narrower O 1s peak. The surface is terminated with Cl (see below for analysis of the Cl 2p peaks) preventing reoxidation on the surface which is consistent with Lee et al. [30] . For the Ga 3d peaks in Figure 5 , we can see that the GaN with RTA grown oxide surface exhibits a slight shoulder at higher binding energy assigned to Ga-O as above; whereas the GaN with native oxide exhibits a slight shoulder at lower binding energy, possibly assignable to a dangling Ga-Ga bond. shown to have a higher tendency to bond with Ga atoms [29] .
In Figure 7 , there is a much clearer separation of the Cl 2p 3/2 and Cl 2p 1/2 peaks for GaN with the native oxide compared to the RTA grown oxide. In the RTA grown oxide, the doublet for the Cl 2p peak is difficult to see presumably due to the low concentration of Cl and a resulting increase in noise relative to signal. The RTA oxidised GaN sample has a lower concentration of Cl relative to the native oxide presumably due to the lower relative amount of the more reactive OH -species relative to the more stable O 2-species. In Figure 8 , there is a clear separation of the Cl 2p doublets for all of the chloride containing treatments on the native oxide GaN samples again presumably due to the higher concentration of Cl for these samples.
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With the formation of the 2DEG layer at the GaN/AlGaN interface in these devices, the conductivity of this channel generally increases with positive charge build up on the surface and decreases with negative charge build up on the surface. Kang et al. [31] showed a linear response with changes in pH for native oxide AlGaN surfaces with an increase in pH resulting in lower 2DEG channel conductivity indicated by a decrease in I ds . Alifragis et al.
investigated the response of AlGaN/GaN HEMTs with a 2 nm GaN cap devices to various types of anions [16, 32] . Their work demonstrates selective adsorption of anions based on the reduction of the I DS value with an increase in anion concentration.
Based on the XPS results in this study, a relationship between the chemistry surface oxides and their sensor response towards various ions can be made. For pH values above neutral, both GaN and AlGaN show decreasing I ds with increasing pH [18, 20, 31] . This is consistent with our results for both RTA oxidised GaN and RTA oxidised AlGaN surfaces which showed that exposure to NaOH/NaCl results in OH -formation (seen in Figure 4 for AlGaN by the shoulder at higher energies). The anion response seen by Alifragis et al. for GaN surfaces is also consistent with our conclusion that Cl surface concentration is higher for GaN compared to AlGaN (see Figure 6 ) [32] . The GaN and AlGaN surfaces differ in their response at pH values lower than neutral with the GaN surface exhibiting decreasing I ds with decreasing pH and AlGaN devices exhibiting increasing I ds with decreasing pH.
For AlGaN, the increase in I ds for decreasing pH is a result of less hydroxide in solution;
however, I ds for devices exposed to water at any pH remains below the values that would be seen in air. The response of GaN to anions at low pH is consistent with our result that the highest chloride concentrations were observed for with hydrochloric acid (see Figure 6 and 8) and is potentially due to the amphoteric chemistry of gallium oxides and the formation of a GaCl 4 -species on the surface (resulting in decreased I ds values). A distinct difference is seen in Figure 4 between the behaviour of the AlGaN and GaN surfaces upon exposure to M a n u s c r i p t hydrochloric acid. The deconvolution of the O 1s peaks shows a narrower peak at higher energies for AlGaN relative to GaN. For GaN, the wider peak is seen for both HCl and NaOH/NaCl exposure while it is only seen in AlGaN for NaOH/NaCl. The wider peak at higher energies is indicative of a larger relative amount of the OH -species. This comparison is consistent with the differing response behaviour of the AlGaN and GaN surfaces at low pH (i.e. lower I ds for GaN and higher I ds for AlGaN).
Conclusions
We have demonstrated the relationship between the surface chemistry of AlGaN and GaN samples and the sensor response of these materials. At high pH, the response of AlGaN and NaCl and (c) NaOH/NaCl
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